ABSTRACT. We examined the course of spermatogenesis and the meiotic chromosome complements in aquatic species of true bugs, Heteroptera. The chromosome complement of the Veliidae species was 2n = 39 (38A + X0) and 23 (22A + X0) in Rhagovelia whitei and Rhagovelia sp, respectively, and in the species of the Notonectidae (Martarega sp) it was 26 (22A + 2m + XY); all collected from the region of São José do Rio Preto, SP, Brazil. An impressive characteristic of the first analysis was the size of the cells belonging to Martarega sp, which were six times larger than the same cells in Pentatomidae and twice as large as the cells in aquatic Heteroptera (Gerridae). Regarding spermatogenesis, all the species analyzed showed the same pattern: holocentric chromosomes and elongated spermatids with the chromatin distributed evenly along the head. The family Veliidae showed several bodies impregnated with silver nitrate at prophase, while the family Notonectidae displayed only one. The cells of Notonectidae also showed an evident and round body until the end of prophase I and in the family Veliidae the silverimpregnated bodies were disorganized, where the only region visualized was possibly that of the NOR. In metaphase, silver-stained regions were found at the periphery of all chromosomes in Veliidae and at the periphery of some chromosomes in Notonectidae. The spermatids of Veliidae showed a less silver-impregnated vesicle, while Notonectidae showed silver staining only in part of the nuclear membrane. Therefore, families of Heteroptera have some differences and features that can help identify and classify these species.
INTRODUCTION
The insects from the family Notonectidae are commonly known as backswimmers, because they swim or set out at full tilt on their backs. Besides, they are characterized as possessing posterior legs adapted for swimming. The species of the family Veliidae are small, gregarious predators that live on the water surface, like the family Gerridae (Ueshima, 1979) .
The number of autosomes in Heteroptera ranges from four (Belostomatidae) to 80 (Miridae), but these numbers are not typical in this suborder (Ueshima, 1979) . According to Ueshima (1979) , only 12 species and two genera belonging to the family Notonectidae have been cytogenetically analyzed. The genus Anisops (Anisopinae) is characterized by a sex chromosome system of X 1 X 2 0/X 1 X 1 X 2 X 2 (male/female), presence of a pair of m-chromosomes and diploid number of chromosomes of 26 in males and 28 in females. Species of the genus Notonecta (Notonectidae) analyzed showed a male sex chromosome system of X0 or XY and chromosome complements of 2n = 24 (20A + 2m + XY) or 26 (22A + 2m + XY). Angus et al. (2004) showed that the karyotypes of other some male species of genera Notonecta were 2n = 22A + XY and 24A + XY.
In Veliidae, males of Hebrovelia sp and Microvelia reticulata have chromosome complements of 2n = 21 (20A + X0) (Cobben, 1968) , and Velia currens (Poisson, 1936) and Velia sp (Ueshima, 1979) show 2n = 25 (24A + X0), M. reticulata 2n = 20A + X0, and Velia (Plesiovelia) pelagonensis 2n = 24A + X0 (Grozeva et al., 2009) . In spite of all reports describing species that have a sex chromosome system of X0, Takenouchi and Muramoto (1971) suggested the XY system for Microvelia douglasi, but this needs to be confirmed (Ueshima, 1979) .
Heteroptera, in general, show holocentric chromosomes (without localized centromere), which have a large kinetocore plate that cover most of the chromosome surface (Rufas and Giménez-Martín, 1986; Wolf, 1996) ; terminal chiasmata are supposed to occur (John and King, 1985) , although there are studies questioning this point (Solari and Agopian, 1987) , and the first meiotic division is reductional for the autosomes and equational for the sex chromosomes.
The sex chromosomes are achiasmatic and they behave as univalents in male meiosis. They separate equationally in anaphase I, forming a pseudobivalent in meiosis II. However, pre-reduction of the sex chromosomes was found in a few species of the family Tingidae (Ueshima, 1979; Grozeva and Nokkala, 2001) . Finally, the m-chromosomes, small pair of chromosomes present in some families, are also achiasmatic, but they associate in the first division and segregate pre-reductionally .
A structure that has been poorly studied is the nucleolus. It is known that its size is related to biosynthetic cell activity, and therefore, the size and the number of nucleoli and pre-nucleolar bodies depend on the functional characteristics of the cells, and they can thus account for metabolic and functional differences (Tavares and Azeredo-Oliveira, 1997; Souza et al., 2007a) . The persistence of the nucleolus and pre-nucleolar bodies observed through the meiosis of Dysdercus imitator (Pyrrhocoridae, Heteroptera) can then be related to the intense synthetic activity required to produce rRNA for spermatogenesis. However, there is the possibility that the high levels of rRNA transcription can be related to another factor .
The number and the location of nucleolar organizing regions (NORs) are known in a few species of Heteroptera, having been determined with different cytogenetic techniques. All of the species described have shown a single NOR located in the middle or subterminal position of an autosome or of a sex chromosome (González-García et al., 1996; Papeschi and Bressa, 2002; Papeschi et al., 2003; Cattani and Papeschi, 2004; Castanhole et al., 2008) . Recently, Bressa et al. (2009) reported two NORs in the X chromosome of Dysdercus albofasciatus, resulting from a gonosome-autosome fusion, one of the NORs originating from the ancestral X chromosome and the other from the autosome.
Considering the cytogenetic variations shown by the group, the objective of the present study was to analyze cytogenetically (spermatogenesis and nucleolar behavior) species of the families Veliidae and Notonectidae.
MATERIAL AND METHODS
Ten male samples of each of the species Rhagovelia whitei (Breddin) and Martarega sp were collected from the reservoir of the municipal dam of the city of São José do Rio Preto, São Paulo, Brazil, and ten species of Rhagovelia sp from the Piedade River, close to the city of São José do Rio Preto (20°47'32"S, 49°21'37"W), with traps and transported in pots to the Laboratory of Cytogenetics and Molecular Genetics of Insects (LACIMI).
The species were separated by sex, fixed in methanol:acetic acid (3:1), and kept in a refrigerator until the preparation of slides with the squash technique using either lacto-acetic orcein dye or impregnation with silver nitrate (Howell and Black, 1980) . The slides were analyzed with a Zeiss AXIOSKOP 2 microscope with a 12-V/100-W light bulb, and images were captured with the built-in Digital Image Processing AXIONVISION 3.1 (Zeiss) software.
RESULTS
The species of the family Veliidae possess testes formed by only one rounded testicular lobe covered by a transparent peritoneal sheath. On the other hand, the species of the family Notonectidae have testes formed by two lobes, with a spiral shape and also surrounded by a transparent peritoneal sheath.
During dissection, a large amount of fatty tissue was observed in the abdominal cavity, among the organs.
Spermatogenesis of the Veliidae family
The analysis of the testes of R. whitei and Rhagovelia sp (Veliidae) showed that cells in prophase I (leptotene-pachytene) (Figure 1a ,b) possess a single round and evident heteropyknotic body. In both species, bivalents with interstitial chiasmata (Figures 1c,d and 2a) were observed from the end to prophase I (Figure 1d ). At the end of prophase I, the chromosomes of R. whitei associate by forming groups with different amounts of chromosomes (Figure 2b ). The analysis of metaphase I showed that R. whitei possesses n = 20 (19 + X0) chromosomes and Rhagovelia sp possesses n = 12 (11 + X0) chromosomes (Figure 2c-g ). The cells in telophase are proportionally of the same size as those of the other phases in meiosis (Figure 3a) . The spermatids of R. whitei are round and possess some heteropyknotic bodies (Figure 3b, c) and Rhagovelia sp possess, besides the heteropyknotic bodies, a large and round vesicle close to the nucleus (Figure 3d ), which later disappears ( Figure 3e ). During elongation, the spermatids are rod-shaped, with the chromatin distributed along the head (Figure 3f,g ).
Spermatogenesis of the Notonectidae family
The analysis of the testes of Martarega sp (Notonectidae) showed a cell in early pro- Spermatogenesis of Veliidae and Notonectidae species phase I (leptotene/zygotene) with a round heteropyknotic region of variable morphology (Figure 4a) . Another observation made in this species is in regard to the size of the meiotic cells. For evidence, we show cells of other species in the same phase of development and at the same magnification. In 4b, there are cells of Thyanta perditor (Pentatomidae), and in 4c cells of Halobatopsis platensis (Gerridae), which are respectively 6x and 2x smaller in diameter than the cells of Martarega sp. During every meiotic process, the cells are similar in size. The chromosomes were condensed (Figure 4c and d) , and the presence of chiasmata could be observed (Figure 4d ). At the end of prophase I, the autosome chromosomes are seen to be associated in the telomeric region, and there are few chromosomes with chiasmata ( Figure 5a ). In metaphase I, the autosomal bivalents form a ring apparent in polar view. Two small chromosomes and two unequal medium-sized chromosomes (probably the X and Y) lie in the center of the ring. The chromosome complement is n = 15 (11 + 2m + XY) (Figure 5b and c) . The chromosomes usually separate in anaphase, and they unite during the telophase with two cells of similar size, and each one similar in size to the other cells in the preceding phases (Figure 5d ). At the end of telophase, a telomeric association is observed among almost all of the chromosomes, forming a ring. In the center of the ring, there is a very small group of chromosomes, and outside the ring there is a group of heteropyknotic chromosomes, which are possibly the sex chromosomes, associated with one of the chromosomes of the ring (Figure 6a ). The recently formed spermatids are round and have an inner region that is also round and not stained with orcein ( Figure 6b ). During elongation, the spermatids acquire a square shape (Figure 6c) , and with development they become elongated in acquiring a rod shape with the chromatin distributed evenly in the head (Figure 6d and e).
Nucleolar behavior of the Veliidae family
The prophase I (zygotene-pachytene) of R. whitei and Rhagovelia sp impregnated with silver nitrate showed two bodies that begin disorganizing, only remaining in some regions of the chromosomes, but without defined morphology (Figure 7a-c) . At the end of prophase I (diplotene) in Rhagovelia sp, silver staining can be seen in the telomeric region of one of the autosomes. The association of this chromosome occurs in the telomeric regions, as already defined for Heteroptera, but we can see that this association does not involve the end that possesses the NOR. These regions do not participate in the association (Figure 7c) . In Rhagovelia sp, silver staining of NORs was not observed in any of the autosomes. In the metaphase of this species, there were three autosomes observed with evident silver staining at the periphery of the chromosome (Figure 7d ). Silver staining in R. whitei was also found at the periphery of the chromosome, involving a larger number of autosomes, but fewer impregnated ones (Figure 7e ). At metaphase of Rhagovelia sp the telomeric association of chromosomes could be observed (Figure 7f ). At the end of telophase, one of the cells recently formed by R. whitei shows silver staining (Figure 8a ), while this is not seen in Rhagovelia sp (Figure 8b ). The spermiogenesis process begins with round spermatids with (R. whitei) or without (Rhagovelia sp) silver-impregnated material. The silver-impregnated material of R. whitei appears round and intense and it is located close to the chromatin (Figure 8c e). With elongation, there is a decrease in silver staining and these stained regions are distributed evenly throughout the whole spermatid (Figure 8f and g ). At the end of the process, the spermatids of R. whitei possess intense silver staining in the anterior region of the head (Figure 8h ). 
Nucleolar behavior of the Notonectidae family
The beginning of prophase I (leptotene) of Martarega sp showed two round bodies, one of them larger than the other (Figure 9a ). Although the process of chromatin condensation is in progress, two bodies are still observable; there is a reduction in size, and one of them is around seven times larger with fewer impregnated regions than the other (Figure 9b ). At leptotene/pachytene, the reduction of the bodies continues, but the two bodies can still be observed (Figure 9c ). At diplotene, a single large body intensely impregnated was observed (Figure 9d) . At metaphase I, two bodies in different bivalents were observed, possibly due to the NOR located in the telomeric region. It is also possible to observe, in one of the bivalents, that the association between the homologues does not involve the supposed NOR. In both bivalents, just one NOR of one homologue was active. At metaphase I, there were still autosomes with silver staining at the periphery of the chromosome (Figure 10a ). In the beginning of spermiogenesis, the round spermatids showed silver staining in some regions of the nuclear peritoneal sheath (Figure 10b ). With elongation, there was impregnation in two different regions of the spermatid, one large site in the anterior region and other much smaller in the posterior region ( Figure  10c ). In Figure 10d , the nucleus was homogeneously silver stained. 
DISCUSSION
The testes of Heteroptera are formed by variable numbers of lobes and covered by a peritoneal sheath of different coloration. Species of the Coreidae analyzed by Souza et al. (2007b) showed seven lobes covered by a red peritoneal sheath. Antiteuchus tripterus (Pentatomidae) also possesses testes covered by a red peritoneal sheath, but it is made up of six elongated lobes, where the sixth is inside the fifth (Souza et al., 2007c) ; Mormidae quinqueluteum, Oebalus poecilus and O. ypsilongriseus (Pentatomidae) also have a red peritoneal sheath covering the testes, but the number of elongated lobes found was 3, 4 and 4, respectively ; Nysius californicus (Lygaeidae) has seven elongated lobes of similar size and covered by a red peritoneal sheath (Souza et al., 2007a) , and Limnogonus aduncus (Gerridae) possesses two elongated lobes covered by a transparent peritoneal sheath . The species of the family Veliidae (R. whitei and Rhagovelia sp) analyzed in the present study showed a single round testicular lobe, and the species of the family Notonectidae (Martarega sp) displayed spiraled testes formed by two lobes. Both families showed the testes covered by a transparent peritoneal sheath, differing from the other terrestrial families of Heteroptera, regarding the shape and peritoneal sheath that covers them. In spite of these differences, there are no studies in the literature that confirm a specific relationship with some family.
Another characteristic found in these organisms was the presence of great amount of fatty tissue in the thorax, as was observed in the belostomatid genus of Lethocerus, certain triatomine bugs such as Rhodnius prolixus and Triatoma infestans, the coreid Holopterna alata, the Nepidae (Nepa cinera), Naucoridae (Ilyocoris cimicoides), and Notonectidae (Notonecta glauca) families (Gäde et al., 2004 (Gäde et al., , 2006 (Gäde et al., , 2007a Lorenz et al., 2009) . It is believed that this characteristic is related to the great energy expenditure that these species need for survival in aquatic environments. Besides, it was observed that the testicular meiotic cells of terrestrial species are much smaller than those of aquatic ones, and when comparing the aquatic species studied nowadays, such cells of the families Gerridae (Castanhole et al., , 2010 and Veliidae are smaller than those of the family Notonectidae. According to Gäde et al. (2004) , N. glauca (Notonectidae) is very active and constantly swims around in captivity. When these bugs were subjected to 2 h of enforced rest, the hemolymph carbohydrates remained at constant levels but the lipid titers were much lower compared with those in swimming bugs, demonstrating that swimming is highly energy demanding.
We suggested that there are important data corroborating the habitat as an important factor, for example, for the definition of cell size, because individuals of the families Gerridae and Veliidae live on the surface of the waters, while those of the family Notonectidae are underwater species, and therefore, this last one needs a larger amount of energy to survive and swim.
Regarding the sex chromosome system and the chromosome complement of the species of Veliidae analyzed in the present study, they showed the same system (X0), but they differed regarding the chromosome complement (23 for Rhagovelia sp and 39 chromosomes for R. whitei). Although few cytogenetic studies on Veliidae species have been described, in all of them the sex chromosome system was X0, but they differed regarding the chromosome complement: Hebrovelia sp and M. reticulata, 2n = 21 (20A + X0), V. currens and Velia sp 2n = 25 (24A +X0) (Cobben, 1968; Ueshima, 1979) . Although the few species described in the literature and analyzed in the present study show the same sex chromosome system of X0, Takenouchi and Muramoto (1971) observed the XY system for M. douglasi. However, according to Ueshima (1979) and also our findings, further analysis of this species is needed to confirm the sex chromosome system in this family.
The species of the family Notonectidae that are described in the literature show mchromosomes, but they differ regarding the sex chromosome system (X 1 X 2 , Anisops; XY, Spermatogenesis of Veliidae and Notonectidae species Notonecta) and the chromosome complement of 24 or 26 chromosomes (Ueshima, 1979) . The species Martarega sp analyzed in the present study also showed m-chromosomes and 26 (2n = 22A + 2m + XY) chromosomes. As with the family Veliidae, this also needs to be more thoroughly studied to help understand the standard sex chromosome system of the family.
Other characteristics of spermatogenesis, such as the presence of holocentric chromosomes, interstitial and terminal chiasmas, a single heteropyknotic body in meiotic cells, telomeric association of the chromosomes, reductional meiosis for the autosomes and equational for the sex chromosomes, and ring configuration of the autosomes in metaphases, are standard in all Heteroptera analyzed, regardless of the family, habitat or habit (Souza et al., 2007a (Souza et al., ,b,c, 2008 Bardella et al., 2008) . Maybe one of the only differences found during spermatogenesis is during spermiogenesis. The morphology of the spermatids is quite different when comparing the terrestrial and the aquatic insects, mainly in the elongation phase. The terrestrials show spermatids, in elongation, in the ellipse form, denominated as such due to their geometric shape, while all the aquatic species show a rod shape, and some possess a large vesicle, supporting that they have a larger reserve of metabolic synthetic products compared to other terrestrial Heteroptera.
Another characteristic, already mentioned, is regarding the synthetic activity of the cells of Veliidae, and this can be confirmed by the size and coloration of the structures impregnated with silver nitrate and nucleoli that remain during prophase I. Also, compared to the cells of the family Notonectidae, those of the Vellidae are larger. Therefore, this can actually be related to the habitat where they live, as it is known that the size of this structure is related to the biosynthetic activity of the cell. Therefore, the size and the number of nucleoli and pre-nucleolar bodies depend on the functional characteristics of the cells, and they can then account for metabolic and functional differences (Tavares and Azeredo-Oliveira, 1997) . However, these are relationships that still need to be better studied.
Regarding nucleolar behavior during meiosis, the species of Heteroptera show behavior similar to that of the processes described in plants, in other words, a group of proteins remains associated with NORs. Another group is located at the periphery of the chromosomes, where it remains from late prophase to early telophase, and a third group of proteins and also RNAs are evenly distributed in the cytoplasm between prophase and telophase (Ochs et al., 1985; Fakan and Hernandez-Verdun, 1986; Fischer et al., 1991; Wachtler and Stahl, 1993; Schwarzacher and Wachtler, 1993; González-García et al., 1995; Dundr et al., 1997) .
The proteins that are located in the NOR were described in Belostomatidae in the telomeric region of the sex chromosomes X and Y (Belostoma oxyurum and B. micantulum) or in the telomeric region of an autosome (Belostoma elegans) (Papeschi and Bressa, 2002) . In Coreidae, a single NOR is present in the interstitial region of the largest autosome of Pachylis argentinus or in the telomeric region of an autosome in Carlisi wahlbergi (Fossey and Liebenberg, 1995) and Spartocera fusca (Cattani and Papeschi, 2004) . In Pentatomidae and Gerridae, a single NOR was detected in the telomeric region of an autosome in Edessa meditabunda and L. aduncus, respectively (Rebagliati et al., 2003; Castanhole et al., 2008) , in the middle position of the largest autosome in Nezara viridula or in the telomeric region of chromosome Y in Graphosoma italicum (González-García et al., 1996) .
Another class of proteins was found at the periphery of the chromosome in metaphasic and anaphasic chromosomes in A. tripterus (Heteroptera, Pentatomidae) and N. californicus (Lygaeidae) (Souza et al., 2007a,c) . In Triatoma brasiliensis and T. sordida (Heteroptera, Reduviidae), bodies stained with silver nitrate were observable up to metaphase I (Tavares and Azeredo-Oliveira, 1997 ). In C. wahlbergi (Heteroptera, Coreidae), nucleolar bodies were observed up to metaphase II (Fossey and Liebenberg, 1995) , while in Acanthocoris sordidus (Heteroptera, Coreidae) and Coptosoma punctissimum (Heteroptera, Plataspidae) the nucleoli were detected in the metaphase plates of primary and secondary spermatocytes (Yoshida, 1947) .
Rhagovelia sp and Martarega sp showed the presence of one or two NORs in the telomeric regions of the autosomes and at the periphery of the chromosome, respectively. In Rhagovelia sp, unlike what we observed in other insects (L. aduncus, Castanhole et al., 2008; E. meditabunda, Rebagliati et al., 2003) , they had the NOR on the opposite side of the telomeric regions of the autosomes.
The silver-staining process also varies during spermiogenesis. According to Tartarotti and Azeredo-Oliveira (1999) , in species of Panstrongylus (Heteroptera) silver staining was only visualized in the initial spermatid (round) and disappeared during elongation, corroborating the hypothesis of post-meiotic reactivation of rRNA genes. This process has also been observed in mammals and other vertebrates (Hofgärtner et al., 1979; Sumner, 1990) . The number and the location of the silver-positive bodies also vary among the species of Heteroptera (Souza et al., 2007a (Souza et al., ,c, 2008 . The species of Veliidae and Notonectidae also showed different behaviors. As can be seen, most of the characteristics are common for all species of Heteroptera, needing larger cytogenetic and molecular studies for more conclusive results, because the silver-staining technique is not specific enough to reveal nucleolar structures, as it is also used for the visualization of mitochondria, Golgi complex, and other structures.
